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The gravitational production of superheavy dark matter is studied in the context of quintessential
inflation. The superheavy particles, whose decay products are baryonic matter and are responsible
for the reheating of the universe after the end of the inflationary period, are not conformally coupled
with gravity. On the contrary, dark matter is assumed to be conformally coupled with gravity. We
show that the viability of these scenarios requires the mass of the superheavy dark matter to be
greater than 8× 1015 GeV.
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1. INTRODUCTION
Quintessential inflation, which was addressed for the
first time by Peebles and Vilenkin (PV) in [1], is an at-
tempt to unify inflation and quintessence via a single
scalar field whose potential allows inflation at early times
while at late time provides quintessence (see for instance
[2] and references therein). A remarkable property of
the PV model is that it contains an abrupt phase tran-
sition from inflation to kination (a regime where all the
energy density of the inflation turns into kinetic), where
the adiabatic regime is broken and, thus, particles could
be gravitationally created [3, 4]. This leads to the possi-
bility to explain the abundance of dark matter through
the gravitational production of superheavy particles dur-
ing the phase transition in quintessential inflation [5, 6],
or during the oscillations of the inflaton field in standard
inflation [7–9].
The potential of the model presented here depends on
two parameters which are determined using observational
data: one with the observational value of the power spec-
trum of scalar perturbations and the other one taking
into account that the ratio of the energy density of the
scalar field to the critical energy density at the present
time is approximately 0.7. Moreover, this potential is
obtained matching a Starobinsky inflationary-type po-
tential with the inverse power law potential used in [1].
The former one leads to theoretical values of the spec-
tral index and the ratio of tensor to scalar perturbations
agreeing with the recent observational data provided by
the Planck’s team [10], and the second one is responsible
for the current cosmic acceleration.
Since the potential has an abrupt phase transition at
the end of the inflationary phase, we will consider the
gravitational production of two kinds of superheavy par-
ticles: X-particles, nonconformally coupled with grav-
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ity, whose energy density after their decay into bary-
onic light particles and later thermalization of decay
products will dominate the energy density of the scalar
field in order to match with the Hot Big Bang (HBB),
and dark Y -particles, conformally coupled with gravity,
which are only gravitationally interacting massive par-
ticles (GIMP). We will show that the quintessential in-
flation model presented in this work preserves the Big
Bang Nucleosynthesis (BBN) success, in the sense that
the overproduction of Gravitational Waves (GWs) does
not disturb the BBN for X-particles and Y -particles with
masses in the range of 1015 − 1017 GeV and 1016 − 1018
GeV respectively, leading to a maximum reheating tem-
perature in the TeV regime.
The paper is organized as follows: In Section II
we present our quintessential inflation model based on
a Starobinsky Inflation-type potential matched with a
quartic inverse power law potential. Section III is de-
voted to the calculation of the energy density of the su-
perheavy produced particles and to give viable bounds for
the reheating temperature and for the masses of X and
Y particles. In Section IV numeric calculation has been
performed in order to show the viability of the model at
the present time and its future evolution. Finally, we
present the conclusion of the work in Section V.
The units used throughout the paper are ~ = c = 1 and
the reduced Planck’s mass is denoted by Mpl ≡ 1√8piG ∼=
2.4× 1018 GeV.
2. THE QUINTESSENTIAL INFLATION
MODEL
It is well-known that in quintessential inflation the
number of e-folds from the pivot scale exiting the Hub-
ble radius to the end of inflation is greater than 60. For
this reason, in order that the theoretical values of the
spectral index and the ratio of tensor to scalar perturba-
tions enter in their marginalized joint confidence contour
in the plane (ns, r) at 2σ C.L. for the Planck2018 TT,
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2TE, EE + low E+ lensing + BK14 + BAO likelihoods
[10], we have changed the quartic inflationary potential
of the original PV quintessential inflation model [1] by
a Starobinsky-type potential in the Einstein Frame (EF)
[11, 12] (also named Higgs Inflation [13]), obtaining:
V (ϕ) =
 λM
4
pl
(
1− e
√
2
3
ϕ
Mpl + M
2
M2pl
)2
for ϕ ≤ 0
λ M
8
ϕ4+M4 for ϕ ≥ 0,
(1)
where λ is a dimensionless parameter which we will cal-
culate right now and, as we will show in Section IV,
M ∼= 2.6× 105 GeV is a small mass.
Remark 2.1 To show the equivalence of R2-gravity in
the Jordan Frame (JF) and the first piece of the poten-
tial (1) in the EF, we consider, in the flat Friedmann-
Lemaˆıtre-Robertson-Walker (FLRW) metric, the La-
grangian of R2-gravity in the JF (see for instance [14])
LJF =
M2pl
2
(
R+ αR2
)
a3, (2)
where α is a positive parameter with dimension of M−2pl .
To work in the EF, we perform the change of variable
[12]
a˜ = a
√
1 + 2αR, dt˜ = dt
√
1 + 2αR. (3)
Then, the Lagrangian in the EF becomes
LEF =
(
M2pl
2
R˜+
1
2
(ϕ˜′)2 − V (ϕ˜)
)
a˜3, (4)
where ′ denotes the derivative with respect to t˜, the Ricci
scalar in the EF is R˜ = 6(H˜+2H˜2), with H˜ = a˜′/a˜, and
the relation between both frames is given by
ϕ˜ = −
√
3
2
Mpl ln(1 + 2αR), V (ϕ˜) =
αR2M2pl
2(1 + 2αR)2
. (5)
Therefore, since 1+2αR = e
−
√
2
3
ϕ˜
Mpl , we conclude that
R2-gravity in the JF is equivalent to General Relativity
(GR) in the EF when the potential is given by
V (ϕ˜) =
M2pl
8α
(
1− e
√
2
3
ϕ˜
Mpl
)2
. (6)
On the other hand, the tail of the potential (ϕ > 0),
which is motivated by SUSY QCD [15], is the same used
by Peebles and Vilenkin in his seminal paper [1], and
has been studied in many papers dealing with quintessence
such as [16, 17].
In this model, the kination phase starts at ϕkin ∼= 0.
Thus, to obtain the value of the Hubble parameter at
that time, namely Hkin, first of all we calculate the slow
roll parameters: Denoting by ∗ =
M2pl
2
(
Vϕ(ϕ∗)
V (ϕ∗)
)2
and
η∗ = M2pl
Vϕϕ(ϕ∗)
V (ϕ∗)
the values of the slow roll parameters
and by ϕ∗ the value of the scalar field when the pivot
scale exits the Hubble radius, since the mass M satisfes
M  Mpl, one has ∗ ∼= 43e
2
√
2
3
ϕ∗
Mpl η∗ = − 43e
√
2
3
ϕ∗
Mpl ,
and thus, the spectral index is given by [18]
1− ns ∼= 6∗ − 2η∗ ∼= 8
3
e
√
2
3
ϕ∗
Mpl , (7)
meaning that
ϕ∗ ∼=
√
3
2
Mpl ln
(
3
8
(1− ns)
)
. (8)
On the other hand, the observational estimation of
the power spectrum of the scalar perturbations when the
pivot scale leaves the Hubble radius is Pζ ∼= H
2
∗
8pi2M2pl∗
∼
2×10−9 [18]. Since during the slow roll regime the kinetic
energy density is negligible compared with the potential
one, we will have H2∗ ∼= λ3M2pl, and using the relation
∗ = 316 (1− ns)2 one gets
λ ∼ 9pi2(1− ns)2 × 10−9. (9)
Taking into account that the observational value of the
spectral index is ns = 0.968 ± 0.006 [19], if one chooses
its central value one gets
λ = 9× 10−11 and ϕ∗ ∼= −5.42Mpl. (10)
Then, once we have these quantities we can solve nu-
merically the conservation equation
ϕ¨+ 3
√√√√ ϕ˙22 + V (ϕ)
3M2pl
ϕ˙+ Vϕ = 0 (11)
with initial conditions ϕ∗ = −5.42Mpl and ϕ˙∗ = 0 (ob-
viously, one can choose other similar initial conditions
and the result has to be practically the same because the
inflationary dynamics are that of an attractor).
Using event-driven integration with an ode RK78 in-
tegrator one gets ϕ˙kin = 3.54× 10−6M2pl, and thus
Hkin =
ϕ˙kin√
6Mpl
∼= 1.44× 10−6Mpl, (12)
and
ρϕ,kin ∼= 6.26× 10−12M4pl. (13)
To end this section, let’s calculate the number of e-
folds between the time when ϕ = ϕ∗ and ϕ = ϕEND (i.e.
the end of inflation) provided by our model
N =
∫ tEND
t∗
Hdt =
1
Mpl
∫ ϕEND
ϕ∗
1√
2
dϕ (14)
3So, using the value of ϕ∗ above, that  ∼= 43
(
s
1−s
)2
,
where s = e
√
2
3
ϕ
Mpl , and that sEND ∼= −3 + 2
√
3 (which
corresponds to END = 1), one gets that
N ∼= 3
4
(
8
3(1− ns) +
1
3− 2√3 + ln
(
3
8
ns − 1
3− 2√3
))
,(15)
which leads to 41.34 ≤ N ≤ 95.29 for the values of
0.956 ≤ ns ≤ 0.98 within its 2σ C.L. In particular, at
1σ C.L., i.e., for the values 0.969 ≤ ns ≤ 0.975, the
expected number of e-folds in quintessential inflation, is
between 60 and 75.
3. REHEATING VIA GRAVITATIONAL
PARTICLE PRODUCTION
Since the second derivative of the potential (1) is dis-
continuous at ϕ = 0, from the conservation equation one
can see that the third temporal derivative of the inflation
field is discontinuous at the beginning of kination, and
using the Raychaudhuri equation H˙ = − ϕ˙2
2M2pl
one can
deduce that at the beginning of kination the third deriva-
tive of the Hubble parameter is discontinuous, enhancing
the particle production as discussed in [20]. Then, in or-
der that vacuum polarization effects do not disturb the
dynamics of the ϕ-field, the mass of the superheavy parti-
cles, produced gravitationally, must be greater than 1015
GeV, where we have assumed that the beginning of in-
flation occurs at GUT scales, that is, when the Hubble
parameter is of the order of 1014 GeV (see for instance
[21]). Therefore, for the Y -particles, which we assume
to be conformally coupled with gravity, since mY  H
one can safely use the WKB approximation (see section
2 of [22] for a detailed explanation) to calculate the β-
Bogoliubov coefficient of the k-mode [23], leading for our
model to
|βk(τ)|2 ∼= m
4
Y a
12
kin(
...
H(τ
−
kin)−
...
H(τ
+
kin))
2
1024ω12k (τkin)
, (16)
where τkin denotes the beginning of the kination in con-
formal time, ωk(τ) =
√
k2 + a2(τ)m2Y is the time depen-
dent frequency of the k-mode and the third derivative of
the Hubble parameter is evaluated on the right (+) and
on the left (−) of τkin.
Remark 3.1 In [24] the calculation of the β-Bogoliubov
coefficient was done using the well-known diagonalization
method [25, 26], and the importance of the discontinuity
of some derivative (in our case the second one) of the po-
tential at the phase transition is pointed out. In fact, the
greater the order of the discontinuous derivative is, the
less the number density of superheavy gravitationally pro-
duced particles [27] is, which is in agreement with [20].
So, for a smooth phase transition the production of super-
heavy particles would be suppressed and its energy density
would be abnormally small, meaning that in such a model
the reheating is impossible via gravitational production of
superheavy particles and, thus, other mechanisms of re-
heating, such as ”instant preheating” [28, 29], must be
invoked.
On the contrary, for the X-particles, which are noncon-
formally coupled with gravity, we have that the k-mode
satisfies the equation [22]
χ′′k + Ω
2
kχk = 0, (17)
where Ω2k = ω
2
k + (ξ − 16 )a2R, being ξ the coupling con-
stant, ωk(τ) =
√
k2 + a2(τ)m2X and R the Ricci scalar.
At this point, one has to note that the WKB is a pertur-
bative approximation which holds when mX  |ξ− 16 |R,
and thus, since at the GUT scales one has R ∼ 1029 GeV2
so that the mass mX is far from the Planck’s mass, one
has to choose |ξ − 16 | ≤ 1, and the square of the β-
Bogoliubov is given by
|βk(τ)|2 ∼= 9(ξ − 1/6)
2a8kin(
...
H(τ
−
kin)−
...
H(τ
+
kin)
2
32ω8k(τkin)
. (18)
Therefore, taking into account that
(
...
H(τ
−
kin)−
...
H(τ
+
kin))
2 = ϕ˙4kin
(
Vϕϕ(0
−)
M2pl
)2
=
16λ2
9
ϕ˙4kin (19)
and the fact that the energy density of A-particles, with
A = X,Y , is given by
ρA(τ) ∼= mA
2pi2a3(τ)
∫ ∞
0
k2|βk(τ)|2dk (20)
before the decay of the X-particles, its energy density
evolves as
ρX(τ) ∼= λ
2
128pi
(
ξ − 1
6
)2(
ϕ˙kin
mX
)4(
akin
a(τ)
)3
, (21)
and the one of the Y -particles evolves as
ρY (τ) ∼= 7λ
2
589824pi
(
ϕ˙kin
mY
)4(
akin
a(τ)
)3
. (22)
Thus, before the decay of the X-particles, one will have
ρY (τ) =
7
4608
(
ξ − 16
)2 (mXmY
)4
ρX(τ), (23)
and, assuming that |ξ− 16 | ∼= 1 so that the energy density
of the X-particles is the maximum possible, we will have
ρY (τ) ∼= 1.5× 10−3
(
mX
mY
)4
ρX(τ). (24)
4Now, it is important to take into account that, when
reheating is due to the gravitational production of su-
perheavy particles, in order that the overproduction of
GWs does not alter the BBN success, the decay of these
particles has to take place after the end of kination [21].
Then, assuming as usual instantaneous thermalization,
the reheating is produced immediately after the decay of
the X-particles, obtaining
ρY,rh = 1.5× 10−3
(
mX
mY
)4
ρX,rh, (25)
where the subindex “rh” means that the quantities are
evaluated at the reheating time. After reheating, the
evolution of the corresponding energy densities will be
ρX(τ) = ρX,rh
(
arh
a(τ)
)4
, ρY (τ) = ρY,rh
(
arh
a(τ)
)3
, (26)
meaning that at the matter-radiation equality
arh
aeq
=
ρY,rh
ρX,rh
∼= 1.5× 10−3
(
mX
mY
)4
, (27)
and consequently
ρY,eq ∼= 5× 10−12ρX,rh
(
mX
mY
)16
=
pi2g∗
6
× 10−12T 4rh
(
mX
mY
)16
, (28)
where Trh denotes the reheating temperature and g∗ =
106.75 are the degrees of freedom for the Standard Model.
On the other hand, considering the central values ob-
tained in [30] of the red-shift at the matter-radiation
equality zeq = 3365, the present value of the ratio of the
matter energy density to the critical one Ωm,0 = 0.308,
and H0 = 67.81 Km/sec/Mpc ∼= 1.42 × 10−33 eV, one
can deduce that the present value of the matter energy
density is ρm,0 = 3H
2
0M
2
plΩm,0 = 3.26× 10−121M4pl, and
at the matter-radiation equality one will have ρm,eq =
ρm,0(1 + zeq)
3 = 4.4× 10−1eV4. Since practically all the
matter has a non-baryonic origin, one can conclude that
ρY,eq ∼= ρm,eq, meaning that the reheating temperature
is given by a function of mY /mX as follows:
Trh ∼= 2.2× 10−7
(
mY
mX
)4
GeV. (29)
3.1. Decay after the end of the kination regime
As we have already explained in the previous section,
in order that the overproduction of GWs does not alter
the BBN success, the decay of the X-particles has to be
produced after the end of kination, which occurs when
the energy density of the inflaton field is equal to the one
of the X-particles. Then, the decaying rate, namely Γ,
has to satisfy Γ ≤ H(τend) ≡ Hend, where we have de-
noted by τend the time at which kination ends. Therefore,
one has
H2end =
2ρϕ,end
3M2pl
, (30)
and
ρϕ,end = ρϕ,kin
(
akin
aend
)6
= 3H2kinM
2
plΘ
2, (31)
in which, taking into account that during kination the
energy density of the inflaton field decays as a−6 and the
one of the produced particles as a−3, we have introduced
the so-called heating efficiency defined in [31] as
Θ ≡
(
akin
aend
)3
=
ρX,kin
ρϕ,kin
∼= 5× 10−34
(
Mpl
mX
)4
. (32)
Consequently, (30) leads to Hend =
√
2HkinΘ, and
from the constraint Γ ≤ Hend one obtains the bound
Γ
Mpl
≤ 10−39
(
Mpl
mX
)4
. (33)
On the other hand, assuming once again instantaneous
thermalization, the energy density of the X-particles at
the reheating time will be ρX,rh = 3Γ
2M2pl, and thus, the
reheating temperature will be given by
Trh =
(
90
pi2g∗
) 1
4 √
ΓMpl ∼= 1.3× 1018
√
Γ
Mpl
GeV. (34)
As a consequence, from the two expressions of the re-
heating temperature (29) and (34) one can write the mass
of the dark matter as a function of Γ and mX as follows:
mY ∼= 1.55× 106
(
Γ
Mpl
)1/8
mX . (35)
3.2. Overproduction of GWs
The success of the BBN demands that the ratio of the
energy density of GWs to the one of the produced parti-
cles at the reheating time satisfies [32]
ρGW,rh
ρX,rh
≤ 10−2, (36)
where the energy density of the GWs is given by
ρGW (τ) ∼= 10−2H4kin
(
akin
a(τ)
)4
(see for instance [3]).
Thus, since
ρGW,rh = 10
−2H4kin
(
Γ√
2ΘHkin
)8/3
, (37)
5we will have,
ρGW,rh
ρX,rh
∼= 5.4× 1033
(
mX
Mpl
)16/3(
Γ
Mpl
)2/3
, (38)
meaning that the bound (36) leads to the constraint
Γ
Mpl
≤ 2.5× 10−54
(
Mpl
mX
)8
. (39)
Here, it is important to recall that, in order to apply
the WKB approximation, we have assumed that the mass
of the particles is greater than the Hubble parameter at
the beginning of inflation, which is of the order of 1014
GeV if inflation starts at GUT scales. Therefore, choos-
ing mX ≥ 1015 GeV one can easily show that the con-
straint (39) automatically implies (33), and thus, taking
into account that Trh > 1 MeV because the BBN occurs
at the MeV regime [33], one gets that Γ must satisfy
5.9× 10−43 ≤ Γ
Mpl
≤ 2.5× 10−54
(
Mpl
mX
)8
, (40)
which always holds when
1015 GeV ≤ mX ≤ 9× 1016 GeV. (41)
Consequently, from (34) and (40), for our model the
reheating temperature is bounded by
1 MeV ≤ Trh ≤ 2× 10−9
(
Mpl
mX
)4
GeV, (42)
and from (35) and (40) the mass of the Y -particles by
8.16mX ≤ mY ≤ 7.4× 1017 GeV. (43)
Then, choosing for example mX = 10
15 GeV, one gets
the following bound for the reheating temperature
1 MeV ≤ Trh ≤ 66 TeV, (44)
and from (29), if one assumes that the universe reheats
when the temperature is around 1 GeV, the mass of the
Y -particles has to be mY ∼= 4.6 × 1016 GeV. In general,
for mX = 10
15 GeV the relation between the mass of the
particles that generate dark matter and the reheating
temperature is presented in Figure 1.
0.01 1 100 104
Trh (GeV )10
50
100
500
mY 1015 GeV 
FIG. 1: Mass of the Y -particles as a function of the reheating
temperature.
To end this section, a final remark is in order: When
one considers that the X-particles are conformally cou-
pled with gravity, the relation (29) becomes
Trh ∼= 3.3× 10−10
(
mY
mX
)4
GeV. (45)
Then, for mX = 10
15 GeV and a reheating temperature
of 1 GeV, one gets mY ∼= 2.3 × 1017 GeV, which means
that the mass of the Y - particles is increased in one order
with respect to the nonconformally coupled case. This
shows that, if one wants a model with elementary super-
heavy X and Y far from the Planck scale, one has to
consider that the X-particles -the ones which decay into
light baryonic matter- do not have to be conformally cou-
pled with gravity.
4. NUMERICAL CALCULATIONS
In this section we want to calculate the value of the
parameter M as a function of the reheating temperature
and the late time evolution of our model.
4.1. Analytic results
To perform this calculation, first of all, as we have
already shown at the end of Section 2, we take as initial
conditions at the beginning of kination
ϕkin = 0, ϕ˙kin = 3.54× 10−6M2pl. (46)
During kination one can safely disregard the poten-
tial, so during this phase one has a ∝ t1/3 =⇒ H = 13t ,
and using the Friedmann equation, the dynamics in this
regime will be
ϕ˙2
2
=
M2pl
3t2
=⇒ ϕ˙ =
√
2
3
Mpl
t
=⇒ ϕ(t) =
√
2
3
Mpl ln
(
t
tkin
)
. (47)
6Then, at the end of kination, one has
ϕend =
√
2
3
Mpl ln
(
Hkin
Hend
)
, ϕ˙end =
√
6MplHend, (48)
and using once again that Hend =
√
2HkinΘ, one gets
ϕend = −
√
2
3
Mpl ln
(√
2Θ
)
, ϕ˙end = 2
√
3MplHkinΘ.(49)
During the period between tend and trh the universe is
matter dominated and, thus, the Hubble parameter be-
comes H = 23t . Since the gradient of the potential could
also be disregarded at this epoch, hence, the equation of
the scalar field becomes ϕ¨ + 2t ϕ˙ = 0, and thus, at the
reheating time
ϕrh = ϕend +
√
2
3
Mpl
(
1− tend
trh
)
= ϕend +
√
2
3
Mpl
(
1− Hrh
2Hend
)
= ϕend +
√
2
3
Mpl
(
1− pi
6
√
g∗
10
T 2rh
MplHkinΘ
)
, (50)
and
ϕ˙rh =
√
3
4
MplH
2
rh
HkinΘ
=
√
3pi2
180
g∗T 4rh
HkinMplΘ
. (51)
Note that for the allowed reheating temperatures, i.e.,
for temperatures satisfying Trh ≤ 66 TeV, one has
pi
6
√
g∗
10
T 2rh
MplHkinΘ
 1, so we can safely make the approx-
imation
ϕrh ∼= ϕend +
√
2
3
Mpl. (52)
During the radiation period one can continue disre-
garding the potential, obtaining
ϕ(t) = ϕrh + 2ϕ˙rhttr
(
1−
√
trh
t
)
, (53)
and thus, at the matter-radiation equality one has
ϕeq = ϕrh + 2
√
2
3
Mpl
(
1−
√
4Heq
3Hrh
)
= ϕrh + 2
√
2
3
Mpl
(
1−
√
4
3
(
geq
g∗
)1/4
Teq
Trh
)
∼= ϕrh + 2
√
2
3
Mpl, (54)
where geq ∼= 3.36 are the degrees of freedom at this scale
[34] and Teq is the temperature of the radiation at the
matter-radiation equilibrium, which is related with the
energy density via the relation ρeq =
pi2
15 geqT
4
eq, and thus,
given by Teq ∼= 7.8× 10−10 GeV.
In the same way,
ϕ˙eq = ϕ˙rh
trh
teq
√
trh
teq
=
(
16geq
9g∗
)3/4(
Teq
Trh
)3
ϕ˙rh. (55)
After the matter-radiation equality the dynamical
equations can not be solved analytically and, thus, one
needs to use numerics to compute them. In order to do
that, we need to use a “time” variable that we choose to
be the number of e-folds up to the present epoch, namely,
N ≡ − ln(1 + z) = ln
(
a
a0
)
. Now, using the variable N ,
one can recast the energy density of radiation and matter
respectively as
ρr(a) =
ρeq
2
(aeq
a
)4
=⇒ ρr(N) = ρeq
2
e4(Neq−N), (56)
and
ρm(a) =
ρeq
2
(aeq
a
)3
=⇒ ρm(N) = ρeq
2
e3(Neq−N), (57)
where the value of the energy density at the matter-
radiation equality ρeq ∼= 8.8 × 10−1 eV 4 has been ob-
tained in the previous Section III and one can also under-
stand that Neq is the value of N at the matter-radiation
equality.
4.2. The dynamical system
In order to obtain the dynamical system for this scalar
field model, we introduce the following dimensionless
variables
x =
ϕ
Mpl
, y =
ϕ˙
H0Mpl
, (58)
where H0 ∼ 1.42× 10−33 eV denotes once again the cur-
rent value of the Hubble parameter. Now, using the vari-
able N = − ln(1 + z) defined above and also using the
conservation equation ϕ¨ + 3Hϕ˙ + Vϕ = 0, one can con-
struct the following non-autonomous dynamical system:{
x′ = y
H¯
,
y′ = −3y − V¯x
H¯
,
(59)
where the prime represents the derivative with respect to
N , H¯ = HH0 and V¯ =
V
H20M
2
pl
. Moreover, the Friedmann
equation now looks as
H¯(N) =
1√
3
√
y2
2
+ V¯ (x) + ρ¯r(N) + ρ¯m(N) , (60)
where we have introduced the following dimensionless en-
ergy densities ρ¯r =
ρr
H20M
2
pl
and ρ¯m =
ρm
H20M
2
pl
.
7FIG. 2: Evolution of {ρ¯B(N)}B=r,m,ϕ and {ΩB(N)}B=r,m,ϕ .
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FIG. 3: Evolution of the effective EoS parameter.
Then, we have to integrate the dynamical system,
starting at Neq = −8.121, with initial condition xeq
and yeq which are obtained analytically in the previous
subsection. The value of the parameter M is obtained
equaling at N = 0 the equation (60) to 1, i.e., imposing
H¯(0) = 1.
Numerical calculations show that M ∼= 2.6× 105 GeV,
independently of the reheating temperature, which is a
value of the same order as the one obtained in [1]. On
the other hand, in Figure 2 we have drawn the evolution
of the different dimensionless energy densities, obtaining
a frozen quintessence, that is, the energy density of the
scalar field is frozen and starts to dominate very close to
the present time. We have also considered the evolution
of the ratio of the energy density to the critical one for the
different constituents, i.e., ΩB(t) =
ρB(t)
3H2(t)M2pl
where B =
r,m, ϕ. And in Figure 3 we have depicted the evolution
of the effective EoS parameter ωeff (t) = −1 − 2H˙(t)3H2(t) .
Finally, we can see that for N greater than 1.5 one has
Ωϕ = 1 and ωeff = −1 meaning that, at late times, the
universe enters in a de Sitter phase and, thus, exhibits
an eternal acceleration.
5. CONCLUSIONS
In the present work we have considered a quintessen-
tial model whose potential, which only depends on two
parameters, is composed by a Starobinsky Inflationary
type-potential matched with an inverse power law po-
tential, which is responsible for quintessence. Since the
phase transition from the end of inflation to the begin-
ning of kination is very abrupt, the adiabatic regime is
broken and particles are produced. We have assumed
that during this period two kind of superheavy particles
are gravitationally produced: X-particles, which are non-
conformally coupled with gravity and whose decay prod-
ucts form the baryonic matter, and Y -particles, which are
conformally coupled with gravity but are only GIMP, and
thus, they are responsible for the dark matter abundance.
For this model we have shown that, for reasonable masses
of the X-particles around 1015 GeV, a viable model with
a reheating temperature in the GeV regime is obtained
when the mass of the dark matter particles is of the order
of 5×1016 GeV. Finally, we have shown numerically that
the model leads, at late times, to a frozen quintessence,
and thus, to an eternal inflation.
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Appendix: The number of e-folds in quintessential
inflation
In this Appendix we will perform an accurate calcu-
lation of the number of e-folds for our model, i.e., for
a quintessential inflation model where reheating is pro-
8duced after the end of kination, and we will see that,
due to the kination era, the number of e-folds is greater
than in standard inflation, where reheating is produced
due the oscillations of the inflaton field (see for a detailed
calculation [35]).
Let k∗ = a∗H∗ be the value of the pivot scale in co-
moving coordinates when it exits the Hubble radius and
N the number of e-folds from the exiting of the pivot scale
to the end of inflation, i.e., aEND = a∗eN , where, once
again, aEND denotes the value at the end of inflation.
Now we write
k∗
a0H0
= e−N
H∗
H0
aEND
akin
akin
aend
aend
arh
arh
aeq
aeq
a0
, (61)
where, as in previous sections, akin, aend, arh, aeq and
a0 denote the value of the scale factor at the beginning
of kination, at the end of kination, at the reheating time,
at the matter-radiation equality and at present time, re-
spectively.
Choosing, as usual, kphys ≡ k∗a0 = 0.02Mpc
−1 and tak-
ing into account that H0 ∼= 2× 10−4Mpc−1 one gets
102 = e−N
H∗
H0
aEND
akin
ρ
1/3
X,rh
ρ
1/6
ϕ,endρ
1/6
ϕ,kin
(
ρX,eq
ρX,rh
)1/4
aeq
a0
, (62)
where we have used that
ρϕ,end = ρϕ,kin
(
akin
aend
)6
, ρX,rh = ρϕ,end
(
aend
arh
)3
and ρX,eq = ρX,rh
(
arh
aeq
)4
. (63)
Now, using that
ρX,eq
ρX,rh
=
geqT
4
eq
g∗T 4rh
, where, as we have al-
ready seen in the previous Section, the number of degrees
of freedom at the matter-radiation equality is geq = 3.36,
and taking into account that after reheating the evolution
is adiabatic, i.e., aeqTeq = a0T0, one gets
102 = e−N
H∗
H0
aEND
akin
ρ
1/3
X,rh
ρ
1/6
ϕ,endρ
1/6
ϕ,kin
(
geq
g∗
)1/4
T0
Trh
, (64)
and, from equations (13) and (31) and using that ρX,rh =
pi2
30 g∗T
4
rh, we obtain
10−2 ∼= 0.75e−NH∗
H0
aEND
akin
(
Trh
Mpl
)4/3
Θ−1/3
T0
Trh
. (65)
At this point, we use the observational data T0 ∼=
2.33× 10−13 GeV and H0 ∼= 5.95× 10−61Mpl to get
eN ∼= 9.1× 1024 H∗
Mpl
aEND
akin
(
Trh
GeV
)1/3
Θ−1/3, (66)
and finally, from equation (32) and the value H∗ ∼=√
0.3pi(1− ns)Mpl × 10−4, we conclude that
eN ∼= 2× 1032(1− ns)aEND
akin
(
Trh
GeV
)1/3(
mX
Mpl
)4/3
.(67)
Thus, since for many solvable models [36, 37] one has
ln
(
aEND
akin
) ∼= −1, we obtain
N ∼= 73.37 + ln(1− ns) + 1
3
ln
(
Trh
GeV
)
+
4
3
ln
(
mX
Mpl
)
.(68)
In particular, for mX = 10
15 GeV and ns = 0.968, one
gets
N ∼= 59.55 + 1
3
ln
(
Trh
GeV
)
, (69)
which for the allowed temperatures 1 MeV ≤ Trh ≤
66 TeV (see formula (44)), leads to
57.25 ≤ N ≤ 63.25. (70)
[1] P. J. E. Peebles and A. Vilenkin, Phys. Rev. D59, 063505
(1999) [arXiv:9810509].
[2] K. Dimopoulos and J. W. F. Valle, Astropart. Phys. 18,
287 (2002) [arXiv:0111417].
[3] L. H. Ford, Phys. Rev. D35, 2955 (1987).
[4] T. Damour and A. Vilenkin, Phys. Rev. D 53, 2981
(1996) [arXiv:9503149].
[5] S. Hashiba and J. Yokoyama, JCAP 01, 028 (2019)
[arXiv:1809.05410].
[6] S. Hashiba and J. Yokoyama, Phys. Rev. D99, 043008
(2019) [arXiv:1812.10032].
[7] D. J. H. Chung, P. Crotty, E. W. Kolb and A. Riotto,
Phys. Rev. D64, 043503 (2001) [arXiv:0104100].
[8] Y. Ema, K. Nakayama and Y. Tang, JHEP 09, 135
(2018) [arXiv:1804.07471].
[9] D. J. H. Chung, E. W. Kolb and A. J. Long, JHEP 01,
189(2019) [arXiv:1812.00211].
[10] Y. Akrami et al., Planck 2018 results. X. Constraints on
inflation, (2018) [arXiv:1807.06211].
[11] A. Kehagias, A. Moradinezhad Dizgah and A. Riotto,
Phys. Rev. D 89, 043527 (2014) [arXiv:1312.1155]
[12] J. Amoro´s, J. de Haro and S.D. Odintsov, Phys. Rev.
D89, 104010 (2014) [arXiv:1402.3071].
[13] J. Martin, C. Ringeval and V. Vennin Phys.Dark Univ.
95-6, 75-235 (2014) [arXiv:1303.3787].
[14] A. V. Astashenok, A. de la Cruz-Dombriz and S. D.
Odintsov, Class. Quantum Grav. 34, 205008 (2017)
[arXiv:1402.3071].
SUSY QCD and Quintessence
[15] A. Masiero, M. Pietroni and F. Rosati, Phys. Rev. D61,
023504 (1999) [arXiv:9905346].
[16] B. Ratra and P.J.E. Peebles, Phys. Rev. D37, 3406
(1988).
[17] M. Yashar, B. Bozek, A. Abrahamse, A. Albrecht
and M. Barnard, Phys. Rev. D79, 103004 (2009)
[arXiv:0811.2253].
[18] B. A. Bassett, S. Tsujikawa and D. Wands, Rev. Mod.
Phys. 78, 537 (2006) [arXiv:0507632].
[19] P. A. R. Ade et al. Astron.& Astrophys. 594, A20 (2016)
[arXiv:1502.02114].
[20] D. J. H. Chung, E. W. Kolb and A. Riotto, Phys. Rev.
D59, 023501 (1998) [arXiv:9802238].
[21] J. Haro, W. Yang and S. Pan, JCAP 01, 023 (2019)
[arXiv:1811.07371].
[22] T. S. Buch, J. Phys. A: Math. Gen. 13, 1297 (1980).
[23] J. de Haro, J. Amoro´s and S. Pan, Phys. Rev. D93,
084018 (2016) [arXiv:1601.08175].
[24] J. de Haro, S. Pan and L. Areste´ Salo´, JCAP 06, 056
(2019) [arXiv:1903.01181].
[25] A. A. Grib, S. G. Mamayev and V. M. Mostepanenko,
Gen. Rel. Grav. 7, 535 (1976).
[26] Ya B. Zeldovich and A. A. Starobinsky, JETP Lett. 26,
252 (1977).
[27] J. Haro, J. Amoro´s and S. Pan, Eur.Phys.J. C79 no.6,
505 (2019) [arXiv:1901.00167].
[28] G. Felder, L. Kofman and A. Linde, Phys. Rev. D 59,
123523 (1999) [arXiv:9812289].
[29] G. Felder, L. Kofman and A. Linde, Phys. Rev. D 60,
103505 (1999) [arXiv:9903350].
[30] P. A. R. Ade et al., Astron & Astrophys 594, A13 (2016)
[arXiv:1502.01589].
[31] J. Rubio and C. Wetterich, Phys. Rev. D96, 063509
(2017) [arXiv:1705.00552].
[32] M. Wali Hossain, R. Myrzakulov, M. Sami and E. N. Sari-
dakis, Int. J. Mod. Phys. D24, no. 05, 1530014 (2015)
[arXiv:1410.6100]].
[33] G. F. Giudice, E. W. Kolb and A. Riotto, Phys. Rev. D
64, 023508 (2001) [arXiv:0005123].
[34] T. Rehagen and G. B. Gelmini, JCAP 06, 039 (2015)
[arXiv:1504.03768].
[35] J. L. Cook, E. Dimastrogiovanni, D. A. Easson and L.
M. Krauss, JCAP 1504, 047 (2015) [arXiv:1502.04673].
[36] J. de Haro and E. Elizalde, Gen.Rel.Grav. 48, 77 (2016)
[arXiv:1602.03433].
[37] J. de Haro, Gen.Rel.Grav. 49, 1 (2017)
[arXiv:1602.07138].
